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INTRODUCTION

The reflection characteristics of soils and sands depend considerably
on the moisture and on the microstructure of the surface l ayer. Mois-
ture generally darkens the appearance of a soil (reduces its albedo )
by filling the airspaces between the soil or sand crystals with water
and thus reducing the reflection surfaces. Over flat or graded soil
su rfaces , the moisture of the surface l ayer can be easily correlated
with measurements of albedo or bidirectional reflections.

Under natural conditions , however , the many surfaces of different
slope and exposure that account for the soil surface l ayer interfere
with the simple relation between soil moisture and reflection .

Albedo measurements , the determination of the reflection of solar
irradiance , measured with the wide angle (2~-) pyranometers, are de-
pendent on the solar angle. Most of the natural surfaces exhibit high
albedo during the morning and evening (low sun angles) and l ower during
daytime . This was reconfirmed in many measurements (see, e.g.,
Kondratyev , 1969; Dirmhirn , 1964). Eaton and Dirmhirn (1979) inves-
tigated detailed reflection characteristics at natura l sunshine con-
ditions , using a high resolution MRIR Nimbus radiometer of 2 degrees
aperture. Reflection ind i catrices for severa l sun angles over sands
and soils explained and confirmed the higher albedo during times of
low sun angle. However, specific instrument characteristics con-
tribute to this effect (Dirmhirn and Eaton , 1975). Albedo measure-
ments alone were thus outru led as a means to determine soil moisture
on the surface l ayer.

Any measurement close to the surface , like the bidirectional reflection
method , is under natura l condition s equally affected by moisture as
well as by microstructure . In the case of sands, where the water hold-
Ing capacity is low and associated variations of reflectivity due to
moisture changes of the surface l ayer are small , the optical changes due
to moisture may be overpowered by the changes due to the microstructure.
A method that prov i des information of the moisture history of sands or
soils has, hence , to be made independent of soil surface structure.

The method chosen and described here for the Soil Surface Moisture
Determinator used the principle of viewing the same or a very close
adjacent area through two filters , one in a water absorption band and
the other spectrually close to, but outside , the water absorption .
These two filters scan the same area on the surface, and the micro-
structure of the soil affects the measurements In both wavebands
equally. Moisture changes, however, have a larger Impact on the spec-
tral range of the water absorption band . if made completely automatic ,
by rotating the filters and alternately exposing the same area through
the two filters , an instrument can be developed that provides soil
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surface moisture directly in one simple reading and independent of
the microstructure of the surface. This instrument is easy to operate
and is universal; i.e., it can determine moisture conditions over
soil surfaces of any microstructure or slope and exposure.

THE INSTRUMENT

4 The objectives of the design of the Soil Surface Moisture Deter-
minator (SSMD) are :

1. To design an instrument that permits detection of the mois-
ture of the surface l ayer of sand and soil.

2. To measure soil surface moisture with this instrument , inde-
pendent of the surface roughness and microstructur e of the soil.

The constraint of the second objective complicates the design con-
siderably. However, if the instrument should be used not over pre-
pared surfaces but over natura l soil or sand of different structure
and surface ripple , the more sophisticated design is becoming
necessary.

The entire equ ipment is housed in two portable boxes (figure 1).
One box contains the light source, chopper , cooler , power supply,
and the sensor assembly (figure 2); and the other box contains the
digital voltmeter and the lamp power supply (figure 3). The units
are interconnected by two cables.

PHILOSOPHY THAT LEAD TO THE DESIGN OF THE SSMD

The instrument consists of a light source , a two-filter spectral
selection system, and a detector. Signal conditioning is achieved
with h:jilt-ir, electronics.

The Light Source. To become independent of the natural illum-
ination by the sun , a light source is used that operates with alter-
nating (chopped ) light. Any change of the flux of the sunlight can
thus be eliminated . Besides being independent of the change of the
sunlight , the instrument can be operated on a 24-hour basis.

A quartz iodine lamp is used for a l ight source. Its spectra l
characteristics are shown in figure 4. The lamp is housed in a
small chamber providing space also for the chopper. The illumination
of the sand is straight down in a cone of 20° ang le.

The light flux can be adjusted but can vary somewhat without affecting
the result. Only if the spectral composition of the emitted light
changes detectably, deviations from the expected values might result.
Since these deviations wi l l be greater if the spectral passbands are
far apart , the filters were selected in close proximity on the wave-
length scale , 1210 and 1500 nm.
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Figure 1. The two units composing the Soil Surface Moisture
DetLrminator (SSMD).

~~~~~~~~~~ 4 I

Figure 2. The lamp/chopper/sensor unit. Light source invisible
(mounted in front of the sensor attachment (slanted).
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Figure 3. Power supply/readout unit.

~oi Spectral emissivity of quartz-iod ine lamp
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Figure 4. Spectral characteristic of the quartz-iod ine lamp.
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The Filter Eyctem. Oven dry , totally dehydrated , sand s or soils
show relatively un7.6~m spectral reflectivity characteristics; generally
a smooth line , increasing from the ultravio let through the visible
spectrum to the infrared (figure 5, Dirmhirn , 1964).

Moisture reduces the reflectivit y in two ways: (1) because the pre-
viously air filled spaces between the sand crystals are now filled
with water , the overall reflectivit y throughout the solar spectrum
(from 0.3 to 3 microns) decreases; (2) this decrease in reflectivity
is stronger in the water absorption bands (Curcin and 1-etty , 1951 )
(figure 6) than in the wavelengths of weak water absorption. Air
dry sand still has enough water left within some of the airspaces
between the individual sand crystals that the water absorption bands
can be clearly seen in the spectral reflectivity curve (figure 7,
Eaton , 1976).

Researchers have found that the depth of the reflectivity bands can
be correlated fairly close with the amount of moisture in the closest
sand l ayer to the surface (Final Report , Contract DAEA 18-76-R-0037 ,
1976). Based on these findings, a filter system can be chosen to
represent the moisture of the soil surface l ayer. Various filter
combinations were tried for best results (table 1). The combination
finally chosen for the presented instrumentation is 1500 nm/l2lO ni .
These filters have a diameter of 1 inch and are mounted side by side
in the filter and sensor—attachment. A slow-speed chopper alternates
the exposure of the sensor to the two filters. The sensor is set well
behind the filters , so that it “sees” very close areas on the sand.

This design could be improved by rotating the filters i n  front of the
sensor. Thus , exactly the same area would be exposed to the sensor
through the alternating filters. This approach , however , created
difficulties in the me chanical as wel l as electrical design that could
not be overcome with the allotted fund i ng and time. At the presen t
design , the instrument could be used over surfaces that do not change
strongly their microstructure within the illuminated area . The micro -
structure itself (microdunes due to drifting sand , slopes , or level
terrain , etc.) does not affect the measurements of the moisture of the
soil surface l ayer.

Scanning the sand surface with the two-filter method renders the sur-
face moisture condition immedi ately and allows conclusions on the gen-
era l reflectance of the area independent of other parameters. It is
thus superior to any other method of areal reflec tance determination.

For example: Measurements of the albedo with instruments of hem i-
spherical detectors are strongly dependent on the geometry of the sur-
face underneath as can be seen from the fisheye photogra~~ of thedune area (figure 8). Albedo determinations over sloped terrain
require slope parall el measurements that are hard to perform exactly
(looming , 1 960; Dirmhirn and Eaton , 1975). Changes in albedo due to

7
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TABLE 1 . TRANSMISSION CHARACTERI STICS OF VARIOUS INTERFERENCE FILTERS
TESTED FOR U SE WITH SSMD

Center Bandwidth at
Wavelen gth Half Peak Peak

.0 (nm) Transmiss ion Transmission

780 35 45
980 100 451210 34 731400 40 691500 100 401712 110 60
1996 110 61)
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Fi gure 8. Fisheye photog raph of the dune area.
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slo pes could easily be mistaken for moisture changes and vice versa.
Variations over the whole scale from dry (air dry) to saturation over
whi te  gypsum sand i s only about ha l f  the chan ge that can be encountered
dIA e to slo pe angles and orientation. The differen tial filter method
described here i s to ta l l y  i ndependent of slope an g le an d or ien ta t ion .

Other metho ds , li ke the use of a light sou rce from an angle and the
measuremen t of the directional reflectance (Middleton and Mungall ,
1 952 ; H apke an d Van Horn , 1963), fa i l to prov id e reasonable data during
cases of supersaturation (Final Report , Contract DAEA l8-76-R-0037 ,
1976). Ficiure 9 shows a history case from one of those efforts. Dur-
ing supersaturation the bidirectional reflectance is extremely high
due to specular reflection on the exposed spaces filled with water.
As the water  su b s id es , bi di rec ti onal  refle ctance decreases ra p i d ly
un til it reaches a minimum. When the airspaces close beneath the sur-
face are fil’ ed with water , the light waves can penetrate deeper into
the soil. From this minimum , the b idirectional reflectance increases
steadily as the soil dries. Records of this type , however , passing
through a minimum and increasing to both sides , to h ig her and l ower
degrees of mo i sture i n the su rface layer , create an am biguity that
needs additional observations to resolve.

Similarly, measure ments of po la r i za t ion  of ref lecte d sunl ight or
art ificial light sources are h -ghly dependent on the general orien-
tat ion of the majority of the sand crystals, and thus depen dent on
win d drift direction. The moisture history of the surface l ayer can
thus be overpowered by the microstructure and the associated crystal-
lo graphic reflection characteristics of the majority of the sand
particles.

The Sensor. The sensor is a cooled lead sulfide photoconductive
cell. Cooling is accomplished with thermoelectric Peltier device and
c i rcu i t ry . Coo l in g an d sta bi l i z i n g of the temperature , especially in
hot cl imates, guarantee a low dark current and the proper functioning
of the elec tronics during extreme temperatures. For the laboratory
exper iments with this instrument, cool ing was not necessary at room
tempera tures; however , it is recommended for higher than 35°C.

The Electronic C ircuitry, Signal Conditioning . The quartz iodine
lam p is powered by a 15-V DC stabilized power supply operating on 115-V
AC main . The light chopper also works from 115-V AC main at the chop-
ping frequency of 670 Hz. The filter chopper operates at a low fre-
quency of 8 Hz. The sensor cooler is powered from a highly regulated
1-V 1 .5-amp DC power supply also working from 115-V AC.

The signal derived from the sensor is a 670-Hz sine wave carrier with
an 8-Hz amplitude modulation due to the alternating exposure of the
sensor throu gh the two filters. The choppers also generate, through
separate circuitry , two reference signals synchronized with the chop—
ping.

10
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The signal is amplified and then synchronously detected at 670 Hz
using the reference signal. This way the message contained in the
envelope is extracted ; and after further amplifi cation , this signal
at 8 Hz is again synchronously detected to give a DC output propor-
tional to the amplitude . This output is displayed on a digital volt-
meter. The amplitude of the 8 Hz signal depends on the relative
intens ities of the light transm i tter through the two filters--which ,
in turn , depend on the amount of moistur e on the soil surface. There-
fore , the voltmeter reading will be dependent on the moisture content
of the soil surface .

A certain nonl inearity exists in the correlation between soil moisture
and the differential light signal. However , linearization was not part
of this research and can easi ly be accomplished with the addition of
more circuitry , if so des i red . The measured relationships were con-
clus ive and easy to identify and thus met the origina l objectives.

TEST MEASUREMENTS WITH THE SSMD

The correlat ion between output and soil surface moisture was determined
for three different soils.

White sand, predominantly of gypsum crystals (CaSO4-2H 2O) with

assoc iation of some sodium salts , from the Wh i te San ds Dune area , New
Mex ico.

Red sand, Aiken soil , Humul t , 2.5 YR 3/6 moist 4/8 dry , app rox-
imately 30 clay , 4O~ silt, 3O~. sand , 1.5 -  organic matter .

Black soil , Xera ll , 10 YR 3/2 moist 5/2 dry (silt l oam ) approx-
imate ly  6O~’ si l t , 20 clay , 20 san d , 3.5 organic matter.

Samples of 3 mm thi:kness were spread on styrofoam trays (figure 10),
measured at air dry condition , weighe d , then saturated wi th water and
weighed again. Measurements with the SSMD were then performed alter-
natin g with weighing the trays as the soil dried naturally. The data
were plotted against percent weight of water. Figure 11 shows results
for the three measured samples. The shapes of the curves are similar
for a l l  samples , though the water holdin g capacity varies considerably.
For white gypsum sand , saturation occurs at 30 weight percent , whi l e
the fine-qrained black soil reaches saturation at 65 weight percent.
The optical color chan ge and measured difference between dry and
saturated soil is by far larger in the latter case than in the case
of wh ite gypsum sand. In figure 11 , the ordinate data measured with
the SSMD are presented in relative units.

An attempt to normaliz e these curves could be accomplished for the
two sand type soils , while the fine-grained black soil deviated from
the general curve (figure 12). The SSMD was used in this case in a
different mode by mea suring filter ratios . Figure 11 suggests that

12
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Figure 10. The SSMD with the three selected soil samples. Samples
are shifte d into the position of the white gypsum sand as
measurements of the d ifferent soils are taken .
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Figure 11. Correlation between moisture of the surface layer of
the three tested soi ls and reading from the SSMD
(output adj usted for full use of scale for every
soil sample. )
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FIgure 12. Normalized values and curves for the three tested
so i l s , when operated in the ratio mode.
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curves of slightly different shapes might have to be associated with
the moisture history of soils of different grain size. Tests of more
soil samples wil l be necessary to decide if this is the case.

During the testing , the microstructure of the soil was of no signif-
icance for the measured data. The distance of the sample from the
light source and filter wheel can vary within predetermined limits ,
given by the geometry of the light cone and sensor /filter housing
angle. Within these limits , only the general signal level is af-
fected . To stay wi thin the required distance /heights limits, the
4- by 4-inc h level feet of the instrument box are provided . When
the box is placed on a natural surface , deviations in heights due
to surface roughness wil l  not affect the reading.

CONCLUSIONS AND DISCUSSION

The SSND can provide knowledge of the moisture content of soils by
performing one simple measurement. The measured large-grained sands
of strongly different color could be generalized when the instrument
was operated in the ratio-mode . Testing of a wide variety of soil
samples is necessary to decide if one general ized curve can be used
for all soils , or a famil y of curves for soils of different grain size.

Though the results of the measurements wi th the SSMD do not provide
information on the moisture condition within the soil , the knowledge
of the moisture of the surface l ayer can readily be correlated with
all remotely (from flying platforms like planes or satellites) de-
tected data. In this context , the method is of far reaching impor-
tance .

It shall be mentioned that the here-developed method for microsca le
observat ions can be modified for use on airplanes or helicopters
and can thus be adapted for mesoscale observations of the moisture

• cond i tion of the ground surface.
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